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Introduction
Pancreatic cancer is often asymptomatic in early stage and is one of the most common malignant tumors. In recent years, the incidence and mortality of pancreatic cancer have been increasing, particularly in younger patients [1] . Surgical resection is considered the best treatment choice for pancreatic cancer, but only 13%-20% patients have the opportunity to undergo surgery, and the 5-year survival rate is less than 5% after surgery [2, 3] . Various chemotherapeutic drugs, including gemcitabine, are regarded as a vital therapeutic strategy for pancreatic cancer patients after surgery, and can significantly improve survival rate. However, the therapeutic efficacy is often hampered by drug resistance [4] . Therefore, novel diagnostic biomarkers and therapeutic targets are urgently needed to improve prognosis for pancreatic cancer.
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apoptosis, invasion, and resistance to therapy [10] . Previous studies have demonstrated that miR-874-3p functioned as a critical mediator that could be a potential therapeutic target for hepatic cellular carcinoma (HCC) [11] . Other studies showed that miR-506 and miR-15a reduced proliferation and enhanced chemosensitivity of pancreatic cancer [12, 13] . It has been reported that the interaction of circRNAs and miRNAs are involved in some cancers, such as colorectal cancer, esophageal squamous cell carcinoma (ESCC) and HCC [14] [15] [16] . A previous study has also demonstrated that certain circRNAs were aberrantly expressed in pancreatic cancer [17] , but the detailed functional role and mechanism of circRNAs in the development of pancreatic cancer remains to be elucidated.
Polo like kinase 1 (PLK1) is a common serine/threonine protein kinase in the eukaryote that mediates various mitotic events, and is considered as a master cell cycle regulator [18] . Its role in regulating cell division, maintaining genome stability in mitosis, spindle assembly, and DNA damage response has been well recognized [19] . PLK1 is a key regulator of mitosis initiation, and abnormal PLK1 expression leads to dysregulation of the cell cycle, which is a main event in cancer initiation [20] . It has been confirmed that overexpression of PLK1 is associated with poor prognosis in most human cancers, and therefore targeting PLK1 has been proposed to be a therapeutic strategy [21] [22] [23] . For example, small interfering RNAs (siRNAs) were used to repress tumor progression by inhibiting PLK1, as in the case of PLK1 inhibitors such as volasertib (BI6727) [24] . The carcinogenic effects of PLK1 in PDAC were also widely noted. Previous studies have demonstrated that PLK1 is closely associated with the PI3K/Akt pathway and plays important roles in cell proliferation and apoptosis in pancreatic carcinoma [25] . PLK1 inhibitors improved the anti-cancer efficacy of gemcitabine in pancreatic cancer [26, 27] . It was reported that siRNA-coupled superparamagnetic iron oxide nanoparticles or microRNA3686 can inhibit the expression of PLK1 and serve as therapeutic targets for PDAC [28, 29] . The overexpression of PLK1 is an adverse prognostic factor in various tumors and its expression is regulated by multiple factors. However, the interaction of circRNAs and PLK1 in PDAC remains to be investigated.
In this study, we found that hsa_circ_0000977 and PLK1 were aberrantly overexpressed in pancreatic cancer tissues.
The aberrant expressions were closely associated with negative clinical characteristics and poor prognosis. Silencing hsa_circ_0000977 suppressed pancreatic cancer cell growth both in vitro and in vivo. We further demonstrated that M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT USA). The Cell Counting Kit-8 was obtained from Dojinodo (Shanghai, China). Enhanced BCA Protein Assay Kit was obtained from the Beyotime Institute of Biotechnology (Shanghai, China). Propidium iodide was obtained from Kaiji (Nanjing, China). Chemiluminescent HRP Substrate was obtained from Millipore (Billerica, MA, USA). TRIzol Reagent was obtained from Invitrogen. Prime Script RT reagent Kit, Mir-X miR First-Strand Synthesis Kit, and SYBR Premix Ex Taq II were obtained from TaKaRa (Dalian, China). The anti-PLK1, anti-cyclin D1, anti-bcl-2, anti-cleaved caspase-3 monoclonal antibody (mAb) was obtained from Abcam (Shanghai, China). Lentiviral-hsa_circ_0000977-RNAi and the control vector were purchased from GeneChem (Shanghai, China).
Cell culture
Two pancreatic cell lines, AsPC-1 and PANC-1 (Chinese Academy of Sciences), were used in this study. The two cell lines were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% antibiotics and maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Pancreatic cancer tissue specimens
Fifty matched cancer and adjacent non-cancerous tissues, seventy-one cancer tissues, and five normal tissues were used in this study. Fifty matched cancer and adjacent non-cancerous tissues, fifty-one cancer tissues, and five normal tissues 
Analyzing circRNA expression profile
Twenty matched pancreatic ductal adenocarcinoma and adjacent non-cancerous tissues were analyzed using the circRNAs chips. The microarray hybridization and collection of data were performed by KangChen Bio-tech, Shanghai, China. The five most up-and down-regulated circRNAs and their hierarchical clustering analysis were performed based on their expression value using the Cluster and TreeView program.
RNA extraction and qRT-PCR
Thirty matched pancreatic ductal adenocarcinoma and adjacent non-cancerous tissues, and eighteen cancer tissues were used to perform qRT-PCR. TRIzol Reagent (Invitrogen) was used to extract total RNA from these tissues. For circRNAs, RNase R was used to degrade linear RNA, which have poly (A), and amplified by divergent primer. qRT-PCR analysis on circular RNA and mRNA was performed using Prime Script RT reagent Kit (TaKaRa) and SYBR Premix Ex Taq II (TaKaRa). β-actin was used as an endogenous control. For miR-874-3P analysis, miRNA was treated with DNase I to eliminate genomic DNA and cDNA was synthesized by Mir-X miR First-Strand Synthesis Kit (TaKaRa). SYBR Premix Ex Taq II (TaKaRa) was used for qRT-PCR. The expression was normalized to RNU6-2. The 2 -∆∆CT method was adopted to calculate relative expression of hsa_circ_0000977 and hsa-miR-874-3p.
Cell transfection
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AsPC-1 and PANC-1 cells were seeded in 6-well plates and cultured to 60-70% confluence before transfection.
According to the manufacturer's instructions, miRNA mimics, inhibitors (Sangon, China), and siRNA (GeneChem, China)
were transiently transfected using Lipofectamine 2000 (Invitrogen) at a final concentration of 50 nM. The corresponding negative controls were transfected simultaneously under the same condition. Lentiviral-hsa_circ_0000977-RNAi and the negative control lentiviruses were purchased from GeneChem (Shanghai, China) and transfected according to the manufacturer's protocol.
Protein isolation and Western blot
Twelve matched pancreatic ductal adenocarcinoma and adjacent non-cancerous tissues, and additional five normal tissues from above (qRT-PCR) were lysed using RIPA buffer according to manufacturer's instructions. 8% SDS-PAGE was used to separate protein extracts. After electrophoresis, protein extracts were transferred onto Nitrocellulose membranes (Biosharp) in 200 mA for 2 h, followed by blocking for another 2 h, the membranes were incubated with primary antibodies at 4°C overnight and secondary antibodies for 2 h at room temperature. HRP activity was detected using Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA) and visualized with a UVP BioImaging system. The protein isolation and
Western blot analysis on transfected pancreatic cells were performed following the same procedures.
Cell proliferation assay
After transfection, cells were seeded in 96-well plates with 3000 cells per well. 10 µl of the Cell Counting Kit-8 reagent (Dojinodo, Shanghai, China) was added to each well and the OD value was measured after 4 h incubation. We record the OD value of 24, 48, 72, and 96 h after transfection for statistical analysis.
Cell cycle assay
For cell cycle analysis, transfected AsPC-1 and PANC-1 cells were fixed in 70% ethanol overnight at -20°C and stained with propidium iodide (Kaiji, Nanjing, China). Cell cycle assays were conducted at 48 h after transfection.
Colony formation assay
One hundred transfected pancreatic cancer cells were seeded in 6-well plates. After 2 weeks of incubation, colonies (>200 cells per colony) were stained with Giemsa. The number of colonies was counted. Each experiment was performed in triplicate.
Luciferase reporter assay
HEK293T cells were seeded in 96-well plates and cultured to 50-70% confluence before transfection. The cells were divided into four groups: PLK1-3'UTR and hsa-miR-874-3p, PLK1-3'UTR and N.C, PLK1-3'UTR-muta and hsa-miR-874-3p, PLK1-3'UTR-muta and N.C. For every corresponding experimental group, 0.16 µg plasmids of PLK13'UTR and PLK13'UTR-muta, 5 pmol of hsa-miR-874-3p and N.C. were used. After 48 h incubation, Promega Dual-Luciferase system was used to detect firefly and Renilla luciferase activities. Using 100 µl Luciferase Assay Reagent II (LAR II) (Luciferase Assay Reagent, Progema) and subsequently 20 µl lysis buffer, firefly luciferase activities were measured as internal reference, and Renilla luciferase activities were also measured using 100 µl Stop & Glo® Reagent M A N U S C R I P T
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(Luciferase Assay Reagent, Progema). Finally, the subtracted difference of firefly and Renilla luciferase activities were calculated as relative luciferase activity.
Immunohistochemistry (IHC)
Thirty matched pancreatic ductal adenocarcinoma and adjacent non-cancerous tissues, and additional fifty-three cancer tissues were used for paraffin embedding and sectioning. IHC analysis was performed under manufacturer's instructions.
Briefly, the slides were incubated with primary antibodies overnight at 4°C and then incubated with secondary antibodies at room temperature for 2 h. The expression was evaluated using a composite score obtained by multiplying the values of staining intensities (0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining) and the percentage of positive cells (0, 0%; 1, <10%; 2, 10-50%; 3, > 50%).
Fluorescence in situ hybridization (FISH)
The hybridization was performed overnight with hsa_circ_0000977 and hsa-miR-874-3p probes. Specimens were analyzed on a Nikon inverted fluorescence microscope. The hsa_circ_0000977 probe for FISH was 5'-TGGAT GTTGT TTACT GATTC TGGCA ATTAA-3' and the miR-874-3p probe for FISH was 5'-TCGGT CCCTC GGGCC AGGGC AG-3'.
Xenografts experiments
Five-week-old female BALB/c nude mice were selected for this study. A total number of 2×10 
Statistical analysis
Statistical analysis was accomplished using SPSS 22.0 (version 22.0, Chicago, IL, USA). The data was presented as means ± 
RESULTS

Informatics reveal circRNA hsa_circ_0000977/hsa-miR-874-3p/PLK1 axis
Using high throughput microarray assay, we identified the expression profiles of dysregulated circRNAs. We found 289 circRNAs were aberrantly expressed with fold change ≥ 2.0 and P < 0.05. Among them, 128 circRNAs were up-regulated and 161 circRNAs were down-regulated. Fold change filtering displayed the differentially expressed circRNAs (Fig. 1A) and Volcano Plot Filtering identified differentially changed circRNAs with statistical difference between carcinoma and non-carcinoma tissues (Fig. 1B) . Hierarchical clustering showed the five most up-and down-regulated M A N U S C R I P T
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circRNAs between cancer and adjacent non-cancerous tissues (Fig. 1C) . Then, we further confirmed the expression of these 5 most up-regulated circRNAs in 5 matched PDAC and non-tumor specimens, and found that hsa_circ_0000977 was consistently and significantly increased in PDAC tissues as compared to matched controls by nearly 71 folds in the microarray assays ( Supplementary Fig. 1 ). To investigate the potential miRNAs associated with hsa_circ_0000977, TargetScan and miRanda database were used, and the five most potentially complementary binding miRNAs were presented (Supplementary Table 1 ). MiRWalk 2.0, Gene ontology (GO) and KEGG enrichment analysis were used to investigate the potential target of miRNAs (Fig. 1D ). Among these target miRNAs, we found that miR-874-3p has the potential to interact with PLK1. The microRNA response elements (MREs) are shown in Fig. 1E . These results suggested that hsa_circ_0000977 may have the potential to regulate the expression of PLK1 by sequestering miR-874-3p, in turn promoting the progression of pancreatic cancer.
Overexpression of hsa_circ_0000977 is correlated with poor prognosis in PDAC patients
We examined the expression of hsa_circ_0000977 and miR-874-3p by qRT-PCR in 30 matched PDAC and adjacent non-cancer tissues. Gel electrophoresis and DNA sequence confirmed the PCR product of hsa_circ_0000977 ( Fig. 2A) .
qRT-PCR showed higher expression of hsa-circ-0000977 and lower expression of miR-874-3p in cancer tissues than in matched non-tumor tissues (Fig. 2B, 2C ). In pancreatic cancer tissues, hsa_circ_0000977 showed higher expression than miR-874-3p ( Supplementary Fig.2 ). This was verified in the same batch of tissues, indicating that the expression of hsa-circ-0000977 and miR-874-3p had a negative correlation. Furthermore, the expression of hsa_circ_0000977 in 48 pancreatic cancer tissues was examined. Based on the median value of expression, patients were classified into low and high expression groups. Compared to the low expression group, Kaplan-Meier survival curves showed that the patients with high expression of hsa_circ_0000977 had a low 5-year overall survival rate (12 VS 16.5 months, P=0.0403) (Fig. 2D ). These results demonstrate that hsa_circ_0000977 is overexpressed in PDAC tissues and is associated with poor prognosis of PDAC patients.
hsa_circ_0000977 regulates cell proliferation and cell cycle by sequestering miR-874-3P in vitro
The roles of hsa_circ_0000977 in PADC progression were further investigated. To block the hsa_circ_0000977 expression, two pancreatic cell lines, AsPC-1 and PANC-1, were transfected with hsa_circ_0000977 siRNA and the silencing efficiency was confirmed by qRT-PCR. After transfection, the expression of hsa_circ_0000977 and PLK1 decreased compared to the controls ( Supplementary Fig. 3 ). Since PLK1 is involved in the initiation, maintenance, and completion of cell mitosis, and has interaction with hsa_circ_0000977, we assumed that hsa_circ_0000977 might also be involved in cell cycle regulation and cell proliferation. CCK-8 assay showed that hsa_circ_0000977 siRNA and miR-874-3P mimics induced a proliferation-suppressing effect, whereas the suppressing effect was reversed by an miR-874-3P inhibitor (Fig. 3A) . Consistently, colony formation assays showed that hsa_circ_0000977 siRNA and miR-874-3P mimics decreased colony formation ability, and no significant difference was observed when hsa_circ_0000977 siRNA and miR-874-3P
inhibitor were transfected simultaneously (Fig. 3B) . Flow cytometry demonstrated that hsa_circ_0000977 siRNA and M A N U S C R I P T
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miR-874-3P mimics induced G1/S arrest, and co-transfection of hsa_circ_0000977 siRNA and miR-874-3P inhibitor abrogated the cell cycle block effects (Fig. 3C) . The above assays were also repeated in PANC-1 cell lines, which showed similar results ( Supplementary Fig. 4 ). These results suggest that hsa_circ_0000977 modulates proliferation and the cell cycle as a miR-874-3P sponge in PDAC cells.
hsa_circ_0000977 regulates PLK1 by sequestering miR-874-3p
Bioinformatics analysis showed that both hsa_circ_0000977 and PLK1 contain mutual miRNA response elements (MREs)
to miR-874-3p. We hypothesized that hsa_circ_0000977 exerts its biological function as a miR-874-3p sponge to regulate PLK1 expression. Dual-luciferase reporter assays were then performed to confirm whether there was a direct interaction between hsa_circ_0000977 and miR-874-3p, or between miR-874-3p and PLK1. The alignments of potential binding sites and their mutant types were constructed through bioinformatics analysis (Fig. 4A, 4B ). There was significant reduction of firefly luciferase reporter activity for transfected hsa-miR-874-3p and hsa-circ-0000977 WT, and there was no notable change of luciferase reporter activity in the hsa-circ-0000977 mutant (Fig. 4C ). Co-transfection of hsa-miR-874-3p and PLK1 WT also significantly decreased the firefly luciferase reporter activity (Fig. 4D ). These results indicated that direct binding interactions existed between hsa_circ_0000977 and miR-874-3p, and between miR-874-3p and PLK1. qRT-PCR was used to investigate whether hsa-circ-0000977 regulates PLK1mRNA expression via hsa-miR-874-3p. Both hsa_circ_0000977 siRNA and miR-874-3p mimics significantly reduced the PLK1 mRNA expression in pancreatic cancer cells. There was no notable change in PLK1 expression when cells were simultaneously treated with an hsa_circ_0000977 siRNA and a miR-874-3p inhibitor, indicating that a miR-874-3p inhibitor could significantly rescue the decrease of PLK1 induced by silencing hsa_circ_0000977 (Fig. 4E, 4F ). The interaction between hsa_circ_0000977 and miR-874-3p was further investigated by FISH analysis in AsPC-1 and PANC-1 cell lines. We found that hsa_circ_0000977 and miR-874-3p were co-localized in the cytoplasm, which suggested that hsa_circ_0000977 binds to miR-874-3p (Fig. 4G ). Taken together, these results confirm our hypothesis that hsa_circ_0000977 regulates PLK1 through miR-874-3p in pancreatic cancer progression.
PLK1 is overexpressed in pancreatic cancer tissues and regulated by hsa_circ_0000977
Based on computational algorithms and clinical application significance, we chose PLK1 as the presumed target of hsa_circ_0000977/miR-874-3P. Twelve pairs of matched pancreatic cancer tissues and adjacent non-cancerous tissues, and 5 normal tissues were examined for the expression of PLK1. Through Western blot analysis, we found that PLK1 expression was significantly up-regulated in cancer tissues (Fig. 5A) . To further investigate PLK1 expression in the tissues, we performed immunohistochemistry in 30 matched tissues. We found that PLK1 showed high expression in pancreatic cancer tissues in which hsa_circ_0000977 was also overexpressed (Fig. 5B) . Furthermore, we found that PLK1 was up-regulated in 83 archival formalin-fixed, paraffin-embedded pancreatic cancer tissues, especially in advanced stage pancreatic cancer ( Supplementary Fig. 5 ). The level of PLK1 expression was significantly associated with clinical stage, as patients with high PLK1 expression were more likely in advanced stage (Supplementary Table 2 ). Therefore, Western blot was performed to M A N U S C R I P T
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examine whether hsa_circ_0000977 can affect PLK1 protein expression through miR-874-3P. In PDAC cell lines, both silencing of hsa_circ_0000977 or transfection with miR-874-3P mimic significantly reduced the expression of PLK1. PLK1 expression was rescued when miR-874-3p inhibitor was co-transfected with hsa_circ_0000977 siRNA (Fig. 5C ). There were also signs that PLK1 could interact with other gene products, indicating that PLK1 may play an important role in other cancerous events such as apoptosis. The associated proteins were then examined. After knockdown of hsa_circ_0000977, cell cycle-related proteins cyclin D1 and bcl-2 were significantly decreased. However, apoptosis-related proteins cleaved caspase-3 were significantly increased (Fig. 5D) . Finally, these results confirmed that overexpression of PLK1 was a significant feature of pancreatic cancer, and that hsa_circ_0000977 modulated PLK1 as a miR-874-3P sponge in PDAC.
Knockdown of hsa_circ_0000977 inhibits pancreatic cell growth in vivo
Silencing hsa_circ_0000977 suppresses proliferation of pancreatic cancer cell in vitro. We investigated whether this is also true in vivo using a xenograft nude mouse model. AsPC-1 cells were used to establish a stable pancreatic cancer cell line with low hsa_circ_0000977 expression via Lentiviral-hsa_circ_0000977-RNAi. The biological impact of hsa_circ_0000977-RNAi was measured by CCK-8 assays and flow cytometry analysis. The results showed that Lentiviral-hsa_circ_0000977-RNAi significantly decreased hsa_circ_0000977 expressions, reduced cell proliferation and blocked cell cycle (Supplementary Fig. 6 ).
AsPC-1 cells with low or normal hsa_circ_0000977 expression induced by transfection with lentiviral or control vectors were subcutaneously implanted into nude mice. After 20 days, the weights of the tumors were measured. Tumors derived from low hsa_circ_0000977 expression group had lower weight than their negative controls (Fig. 6A) . The expression level of PLK1 was examined by IHC. The results showed that, compared to negative controls, expression of PLK1 significantly decreased (Fig. 6B ). These results demonstrate that hsa_circ_0000977 can suppress pancreatic cancer progression in vivo and decrease PLK1 expression.
Discussion
CircRNAs are a novel class of extensive and stable endogenous RNAs that regulate gene expression in mammals [30] [31] [32] . The covalently closed loop structures render circRNAs more stable than liner RNA and insusceptible to RNA exonuclease or RNase [33] . CircRNAs mainly act as a miRNA sponge to exert their post-transcriptional functions as ceRNAs, which is more effective than the traditional anti-miRNA approach [8] . It has been elucidated that some circRNAs may be potential biomarkers for the diagnosis of gastric cancer, hepatocellular carcinoma, lung cancer, colon carcinoma, leukemia, and other cancers [34] . Because of the cell type or developmental stage specific characteristics, circRNAs may also play roles in PDAC progression and serve as valuable clinical biomarkers for PDAC. Compared to circRNAs, miRNAs have been well studied. Many studies have documented that dysregulation of miRNA is closely associated with tumorigenesis. miRNAs inhibit target protein translation by interacting with the untranslated region (3'-UTR) of target M A N U S C R I P T
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mRNAs [35] . Previous studies have shown that miRNAs play diverse and significant roles in PDAC progression and metastasis [36] . In the ceRNA networks, circRNAs have strong inhibitory effect on miRNAs, and the interaction between circRNAs and miRNAs has already been observed to perform significant functions in a variety of cancers.
In this study, hsa_circ_0000977 was found to be aberrantly up-regulated in pancreatic cancer tissues by high throughput microarray assay. This finding was further confirmed by qRT-PCR. Based on bioinformatics analysis, it was assumed that the hsa_circ_0000977/miR-874-3P/PLK1 axis plays a pivotal role in pancreatic cancer progression. Luciferase reporter system
showed that miR-874-3P targets both hsa_circ_0000977 and PLK1, which provided direct evidence that hsa_circ_0000977
functions as a miR-874-3P sponge to modulate PLK1 expression. FISH analysis demonstrated that hsa_circ_0000977 and miR-874-3P primarily reside in the cytoplasm, and their co-location explained their post-transcriptional regulatory role.
Cytological function experiment and flow cytometry revealed that hsa_circ_0000977 and miR-874-3P have reverse effects in cell phenotype and cell cycle. A miR-874-3P inhibitor could rescue biological changes induced by silencing of hsa_circ_0000977. Taken together, the study revealed that an hsa_circ_0000977/miR-874-3P/PLK1 axis exists in PDAC, and that hsa_circ_0000977 negatively regulates miR-874-3P. The aberrantly up-regulated hsa_circ_0000977 accompanied with by down-regulated miR-874-3P may be potentially used for early diagnosis and determining prognosis in pancreatic cancer patients.
PLK1 is overexpressed in various types of cancers, and dysregulation of PLK1 causes tumorigenesis by disrupting many events in cellular processes [37, 38] . Despite its important roles in the cell cycle, PLK1 also has mutual interactions with other pivotal molecules in cells [39] . Previous studies have shown that chemotherapy resistance, which is a common and early occurrence in pancreatic cancer, is often associated with PLK1 overexpression [40] . In this study, we confirmed that PLK1 was over-expressed in PDAC tissues and was related to histological grade and TNM stage. Hsa_circ_0000977
promoted PDAC progression by up-regulating PLK1 expression through the hsa_circ_0000977/ miR-874-3P/PLK1 axis, and silencing of hsa_circ_0000977 inhibited PLK1 expression.
In conclusion, this is the first study to investigate the regulatory function of hsa_circ_0000977 in PDAC and the interaction between hsa_circ_0000977, miRNA, and PLK1. Through the hsa_circ_0000977/miR-874-3P/PLK1 axis, hsa_circ_0000977 performed specific regulatory roles in the proliferation and progression of PDAC. Hsa_circ_0000977
could be a novel biomarker of poor prognosis in pancreatic cancer. In addition, the hsa_circ_0000977/miR-874-3P/PLK1
axis is a special signaling pathway, which could be a potential therapeutic target for pancreatic cancer patients.
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